Vortices, occurring whenever a flow field 'whirls' around a one-dimensional core, are among the simplest topological structures, ubiquitous to many branches of physics. In the crystalline state, vortex formation is rare, since it is generally hampered by long-range interactions: in ferroic materials (ferromagnetic and ferroelectric), vortices are observed only when the effects of the dipole-dipole interaction are modified by confinement at the nanoscale 1-3 , or when the parameter associated with the vorticity does not couple directly with strain 4 . Here, we observe an unprecedented form of vortices in antiferromagnetic haematite (α -Fe 2 O 3 ) epitaxial films, in which the primary whirling parameter is the staggered magnetization. Remarkably, ferromagnetic topological objects with the same vorticity and winding number as the α -Fe 2 O 3 vortices are imprinted onto an ultra-thin Co ferromagnetic over-layer by interfacial exchange. Our data suggest that the ferromagnetic vortices may be merons (half-skyrmions, carrying an out-of plane core magnetization), and indicate that the vortex/meron pairs can be manipulated by the application of an in-plane magnetic field, giving rise to large-scale vortexantivortex annihilation.
three possible orientations of the AFM moments, related by the broken three-fold rotation axis of the crystallographic structure, form an intricate domain structure ( Fig. 2a ) at the scale of a few tens of nanometres. One prominent feature of the domain structure is the presence of 'pinch-points' between α -Fe 2 O 3 domains of the same orientation. Around these points, domains are typically arranged in a six-sector pinwheel, with colours alternating as either R-G-B-R-G-B or R-B-G-R-B-G clockwise around their common core (here, 'R' , 'B' and 'G' represent α -Fe 2 O 3 domains with the AFM spin direction parallel to [2, 1, 0] , [1, 2, 0] and [− 2,1,0], respectively, in the hexagonal setting of the unit cell, see Fig. 1c ). Overall, the domain morphology is strikingly reminiscent both of the disclination domains in liquid crystals 11 and of the cloverleaf ferroelectric domain patterns imaged in the hexagonal manganite YMnO 3 by piezoelectric force microscopy (PFM), pointing towards a common phenomenology in completely different contexts 4, 12 . Remarkably, at the phenomenological level there is an almost complete analogy between AFM ordering in α -Fe 2 O 3 and structural ordering in YMnO 3 , so that the terms in the Landau free energy expansion that contain only the principal order parameter are exactly the same up to at least the sixth order (see Supplementary Information for further details) 13 .
It is important to emphasize the crucial relationship between the phenomenological Landau free energy and the observation of topological structures such as vortices. This subject was thoroughly discussed in a famous 1976 paper by T. Kibble on cosmic string formation in the early universe 14 , but can be applied, with appropriate modifications, to many other branches of physics. In all previously known cases, vortex formation is associated with a phase transition between a phase that is topologically trivial (such as non-superconducting, non-superfluid, disordered liquid crystals, gauge-invariant vacuum) and one that is topologically rich enough to support vortices (such as superconducting, superfluid, nematic or smectic liquid crystals, symmetry-broken vacuum). Therefore, the phenomenological equivalence between YMnO 3 and α -Fe 2 O 3 proves that the latter can support vortices in the AFM phase, in spite of the differences between the two systems (for example, in the case of α -Fe 2 O 3 , the order parameter is magnetic rather than structural). More broadly, the Landau free energies of both YMnO 3 and α -Fe 2 O 3 approach the U(1) symmetry of the Kibble model in the limit of a small order parameter, which is one way of satisfying the criterion of sufficient topological richness (see Supplementary Information). This being the case, vortices will form by statistical necessity when 15 predicts that the number of vortices/antivortices surviving at low temperatures depends on the quenching rate through the transition, and this relation is also observed in the hexagonal manganites 16 . Since our α -Fe 2 O 3 films were grown far below the Néel temperature, one would expect that a significant population of vortices and antivortices, both free and bound, will be frozen in at growth. One may also expect that AFM vortices will form in bulk α -Fe 2 O 3 single crystals that are rapidly quenched through the Néel transition. On this basis, the Fe-L 3 XMLD-PEEM images can be straightforwardly interpreted: the 'pinch-points' are the loci of 180° domain boundaries, where the AFM order parameter has the same orientation but changes sign across the pinched boundary. Such boundaries are unfavourable energetically and are reduced to points (lines parallel to the film normal in three dimensions) during the domain formation, whilst the most favourable 60° domain walls end up dominating. Although the XMLD-PEEM method is insensitive to this change in sign of the AFM order parameter, the pinched domain structure allows us to conclude, in analogy to the hexagonal manganites 4 , that the 'pinwheels' we observe are AFM vortices (R-G*-B-R*-G-B*; winding number + 1) and anti-vortices (R-B*-G-R*-B-G*; winding number − 1), with asterisks denoting time inversion. The vortices/anti-vortices form a relatively dense network, with approximately 40 instances over a 80 μ m 2 area. There are several closely bound vortex/antivortex pairs, as well as isolated vortices, suggesting that the sample has been quenched without undergoing a Kosterlitz-Thouless transition 17 . Thus far, AFM vortices had been created only in nanoscale disk heterostructures by imprinting from ferromagnetic (FM) vortices 18, 19 , and have never been previously observed in a homogeneous system.
Co-L 3 XMCD-PEEM images (Fig. 2b ) revealed that the Co film, which at this thickness is magnetically very soft, is strongly textured at the sub-micrometre scale. The Co spins tended to align strongly parallel to the α -Fe 2 O 3 spin direction, so that the α -Fe 2 O 3 and the Co vector maps share a similar morphology ( Fig. 2a and b) . Strikingly, the topological features of the α -Fe 2 O 3 magnetism are also imprinted on the Co over-layer. In particular, FM vortices and anti-vortices are clearly visible on top of corresponding α -Fe 2 O 3 features with the same winding number ( Fig. 2a and b) , with the vortex cores being precisely aligned within the resolution of our measurements. Figure 3 displays numerical differentiation of the XMCD-PEEM images, which enabled us to pinpoint exactly the location and nature of the FM vortices and antivortices: clockwise and anticlockwise vortices are most apparent in the maps of the curl of the Co magnetization, while antivortices display an angular alternation of curl in different sectors. The typical vortex core size, extracted from the full-width at half-maximum (FWHM) of maps of the magnitude of the Co magnetization ( Fig. 3c) , is of the order of 100 nm and appears to be limited by the resolution of our experiment. Once again, we emphasize that FM vortices were previously observed only in nanodots 3, 20 .
In magnetic vortex structures, even with strong planar anisotropy, the magnetization often points out-of-the plane at the vortex core to satisfy unfavourable exchange and dipole interactions 21 . Indeed, in our XMCD-PEEM images we observe a reduction of the magnitude of the XMCD, sensitive only to the in-plane magnetization ( Fig. 3c) , which is compatible with the presence of an out-ofplane component of the Co spins at the vortex core. This raises the intriguing possibility that the FM topological structures we observe are merons/antimerons (also known as half-skyrmions) 22 rather than planar vortices/antivortices (Fig. 3a) , imprinted by interfacial exchange with the adjacent AFM vortex/anti-vortex in the α -Fe 2 O 3 film. To test the feasibility of this scenario we have performed a set of micromagnetic simulations (see Supplementary Information) where a fixed, discrete α -Fe 2 O 3 vortex is adjacent to an initially randomized Co layer. We find that the Co layer relaxes into a vortex state with the same topology as the AFM layer. Notably, at the core of the FM vortex an out-of-plane moment forms, confirming that it is indeed possible to imprint FM merons from an adjacent AFM layer. Although the out-of-plane magnetic moment of the meron core is not a topological invariant, reversing it by a global rotation in spin space requires 'unwinding' the meron, which is strongly disfavoured by the easy-plane anisotropy, meaning the moment at the core should be stable to small external perturbations.
We found it is possible to manipulate the vortex/meron pairs by the application of moderate magnetic fields. To achieve this, we applied an ex-situ 100 mT field parallel to [1,1,0] and re-aligned the sample in the same position under the electron microscope. Figures 2 and 4 show the remarkable end result of this process: domains not involved in 'pinch-points' are largely invariant (for example, Fig. 4c,d) , meaning that the large-scale features of the vector map are mostly unchanged. However, large-scale vortex/antivortex annihilation has clearly occurred, removing all 'pinch-points' from the α -Fe 2 O 3 film (Fig. 4a,b ). This phenomenon is confirmed by the Co L 3 XMCD-PEEM vector map (Fig. 2d) of the Co overlayer: although the Co spins maintain a strong tendency to align along the direction of the α -Fe 2 O 3 staggered magnetization, the vast majority of FM vortex/merons have disappeared.
Our observation of a dense population of coupled AFM/FM vortex pairs in a planar homogeneous α -Fe 2 O 3 /Co heterostructure indicates multiple avenues for exploitation in both fundamental and applied research. At the fundamental level, this system represents a purely magnetic realization of the Kibble-Zurek model with discrete Z 6 symmetry, which has been previously studied as a structural realization in YMnO 3 23 . The close proximity to room temperature of the first-order Morin transition (~ 260 K for bulk α -Fe 2 O 3 , tunable by film thickness and doping) 24 , below which the Fe spins flop along the c axis and all AFM vortices must disappear, provides a further opportunity to study the first-order analogue of the Kibble-Zurek model, in which the string density is controlled by nucleation rather than fluctuations. On the applied side, FM merons can be thought of as topologically protected spin 'bits' , and could be very appealing for information storage in both pinned and free forms. A regular array of pinned merons, arranged for example in a cross-point architecture 25 , could store information in the magnetizaton of the FM meron core, in analogy to proposed memories based on arrays of FM nanodots 26 . If a population imbalance between merons and antimerons could be created, free merons could be produced by cooling below the Morin transition. Such a hypothetical device could serve as a source for 'meron racetrack memories' , similar to those currently considered for skyrmions 27, 28 .
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41563-018-0101-x. Fig. 4 | Vortex annihilation with an ex-situ applied field. a-d , Measured α -Fe 2 O 3 domain configuration in two different regions of the sample before (a,c) and after (b,d) application of the 100 mT in-plane ([1,1,0] ) magnetic field. The Co spins share a similar evolution (see Fig. 2b,d ).
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Methods Sample Growth. α -Fe 2 O 3 epitaxial thin films were prepared on c-Al 2 O 3 singlecrystal substrates by sputtering; c-Al 2 O 3 single crystals were selected as substrates due to the moderate lattice mismatch, 5.3 %, and the identical space groups (R3 c). The (0001)-orientated films were grown to a thickness of 10 nm using on-axis radiofrequency (RF) magnetron sputtering at 500 °C with an Ar:O 2 ratio of 3:2 and a chamber pressure of 400 mtorr. A 2-inch-diameter stoichiometric α -Fe 2 O 3 sputtering target (99% purity) was used at a sputtering power of 100 W, yielding a deposition rate of 6.25 nm min −1 . The 1-nm-thick, ferromagnetic Co overlayer was deposited, in the absence of a magnetic field, by DC magnetron sputtering at room temperature. The 1-nm-thick Al layer was then deposited, by the same technique, to passivate the surface of the sample and prevent oxidation of the Co layer.
Structural properties. The epitaxial nature of the film was confirmed using a Rigaku SmartLab diffractometer (Cu). The film was found to be majority phase α -Fe 2 O 3 (with minor evidence, approximately 1% by volume, of the oxygendeficient Fe 3 O 4 phase). The measured c lattice parameter, 13.75 (2) Å, is in agreement with the bulk α -Fe 2 O 3 value, indicating that the film is fully relaxed. The narrow rocking curve of the (0,0,6) reflection (FWHM = 0.47°, see Supplementary  Fig. 1c ) additionally confirms the epitaxial nature of the film. The in-plane epitaxy of the film was investigated by ϕ scans of the {1,0,10} reflections of the α -Fe 2 O 3 film and Al 2 O 3 substrate ( Supplementary Fig. 1b ). The respective {1,0,10} reflections are coincident in direction for both α -Fe 2 O 3 and Al 2 O 3 . The film thickness was confirmed to be approximately 10 nm by X-ray reflectivity.
MOKE magnetometry.
Longitudinal magneto-optic Kerr effect magnetometry (L-MOKE) of the α -Fe 2 O 3 /Co confirmed that the Co layer was ferromagnetic, with a coercive field of 8 mT ( Supplementary Fig. 2 ). No appreciable Kerr rotation was observed for an isolated α -Fe 2 O 3 film, confirming the signal arose from the Co layer and not the weak ferromagnetic moment of α -Fe 2 O 3 .
X-PEEM measurements and characterization.
The sample was mounted in a ultrahigh vacuum photoemission electron microscopy (PEEM) chamber, where polarized X-rays are incident on the sample at a grazing angle of 16°. The X-ray beam is rastered such that a 20 μ m diameter region is illuminated by the incident X-ray beam. Secondary electrons of any photoexcitation emitted from the sample surface are recorded using an electron microscope, yielding an optimal spatial resolution of approximately 50 nm. In practice, the resolution can be lower as a result of sample drift and non-optimal optical alignment. The sample could be rotated about its surface normal such that the incident X-ray direction could be altered. A field-of-view of 10 μ m was used for all measurements, which are stored in a 1024 × 1024 pixel grid; the width of each pixel being approximately 10 nm. Data reduction, distortion and drift corrections were performed using Igor Pro.
Several in-situ characterization measurements were performed. First, the total photoemission of an approximately 20 μ m diameter area was recorded as a function of energy for incident light of differing polarity ( Supplementary Fig. 3) . The X-ray absorption spectra (XAS, where the total photoemission is proportional to the number of photons absorbed per unit energy) about the Co-L 3 and Co-L 2 edges confirm that the layer was not oxidized (there is no visible crystal field splitting of the L 3 and L 2 edges) 29 . The large dichroism under circular light also confirms that the layer was ferromagnetically ordered ( Supplementary Fig. 3a ). The α -Fe 2 O 3 layer was investigated using both linear horizontal and linear vertical polarized light ( Supplementary Fig. 3b ). The structure of the XAS is consistent with Fe 3+ in an octahedral environment, with a crystal field strength of 10Dq = 1.45 eV, as opposed to it being either metallic or tetrahedrally coordinated 30 .
Co XMCD vector map construction. Magnetic vector maps of the FM Co overlayer are constructed by imaging the X-ray circular magnetic asymmetry, δ, at two orthogonal incident X-ray directions and making use of its angular dependence,
where M is the average magnetization of the probed region and k is the incident X-ray direction 31 . Experimentally, δ is measured using incident light of both helicities (positive and negative circular) and two energies, In the case of Co, the two incident energies are the maximum of the L 3 edge, E 1 = 777 eV, and a (pre-edge) value, E 2 = 770 eV. By normalizing the images recorded on the L 3 maximum (sensitive to the magnetic order) with an image recorded with a pre-edge energy we minimized spurious image contrast arising due to differences in polarization channels and/or small variations in the X-ray beam as a function of time.
By measuring the intensity of the XMCD at two orthogonal incident X-ray directions ( Supplementary Fig. 4 ), we can measure the local magnetization to within a global scale factor,
where the orthogonal unit vectors x and y are defined by k at 0 and π 2 radians, respectively. Topological defects were identified in the Co vector map by calculating the winding number around a closed path (perimeter of a 5 × 5 pixel box) centred on each pixel. Regions with a calculated winding number of ± 1 were identified as vortices/anti-vortices, respectively.
α-Fe 2 O 3 XMLD vector map construction.
Our vector map generation relies on the angular dependence of XMLD. The angular dependence of the XMLD depends strongly on the relative orientation of the linear polarization, the spin direction and the crystal axes 32 . Assuming (near) cubic symmetry for the lattice and with the surface normal being a three-fold axis, the angular dependence of the XMLD in the (0,0,1) plane due to the crystal field will vanish.
If α is the angle between the spin direction and the linear horizontal polarization in the (0,0,1) plane, then from the symmetry of the linear polarization it is clear that The AFM spin direction vector map is reconstructed by recording these images at multiple directions of the incident X-ray beam. For each pixel we fit the expected angular dependence of the XMLD signal (I XMLD ) to extract the average spin direction of the pixel ( Supplementary Fig. 5 ). Errors on the measured dichroism are counting errors on the raw images, appropriately propagated. Data availability. The data used in this paper can be accessed at https://doi. org/10.5287/bodleian:g78B6Ry64.
